The aim of this study was to relate the pitch of high-rate electrical stimulation delivered to individual cochlear implant electrodes to electrode insertion depth and insertion angle. The patient (CH1) was able to provide pitch matches between electric and acoustic stimulation because he had auditory thresholds in his nonimplanted ear ranging between 30 and 60 dB HL over the range, 250 Hz to 8 kHz. Electrode depth and insertion angle were measured from high-resolution computed tomography (CT) scans of the patient_s temporal bones. The scans were used to create a 3D image volume reconstruction of the cochlea, which allowed visualization of electrode position within the scala. The method of limits was used to establish pitch matches between acoustic pure tones and electric stimulation (a 1,652-pps, unmodulated, pulse train). The pitch matching data demonstrated that, for insertion angles of greater than 450 degrees or greater than approximately 20 mm insertion depth, pitch saturated at approximately 420 Hz. From 20 to 15 mm insertion depth pitch estimates were about one-half octave lower than the Greenwood function. From 13 to 3 mm insertion depth the pitch estimates were approximately one octave lower than the Greenwood function. The pitch match for an electrode only 3.4 mm into the cochlea was 3,447 Hz. These data are consistent with other reports, e.g., Boëx et al. (2006) , of a frequency-to-place map for the electrically stimulated cochlea in which perceived pitches for stimulation on individual electrodes are significantly lower than those predicted by the Greenwood function for stimulation at the level of the hair cell.
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It is reasonable to suppose that energy in the input signal should be directed to the correct place in the electrically stimulated cochlea if patients fit with a cochlear implant are to achieve a high level of speech and music recognition. If this does not happen, then frequencies in the input signal, e.g. formants, will be misrepresented. A misrepresentation of frequency, depending on severity, should cause (1) difficulties in adapting to electrical stimulation, (2) a low asymptote for performance, or (3) both (see, for example, Skinner et al. 1995; Dorman et al. 1997; Fu and Shannon 1999a, b; Fu et al. 2002; Dorman and Ketten 2003; Rosen et al. 1999) .
Creating an appropriate input-frequency to placeof-stimulation map (a frequency-place map, for short) for a given patient is not a trivial undertaking. Standard frequency-place maps, e.g., those generated by Greenwood (1990) , assume stimulation at the level of the hair cell. However, hair cells are usually absent in implant patients after conventional implant surgery. The remaining neural targets, dendrites and cell bodies in the spiral ganglion, do not have the same relationship to distance along the cochlear partition as hair cells (Kawano et al. 1996; Sridhar et al. 2006) . Thus, the Greenwood frequency-place (or frequency to distance along the cochlea) map is not likely to be appropriate for cochlear implant patients.
The creation of an alternative map to the Greenwood map for implant patients requires the examination of patients who have acoustic hearing over a wide range of frequencies in one ear and a cochlear implant in the other ear. Because patients with normal or near-normal hearing in one ear are not generally eligible for a cochlear implant, there are very few opportunities to obtain information about an electrical frequency-to-place map.
When the prototype for the Ineraid cochlear implant was first evaluated by research volunteers, Eddington et al. (1978) tested a unilaterally deaf patient. Electrical stimulation was directed to electrodes inserted 19 and 25 mm from the round window. Eddington et al. found that the acoustic-toelectric pitch matches were similar to those expected from the Greenwood frequency-place map. However, other studies have not had a similar outcome. Blamey et al. (1996) tested 13 patients fit with the Nucleus 22 implant who had measurable, but very poor (thresholds between 85 dB at 250 Hz to 109 dB at 4 kHz) hearing in the nonimplanted ear. The most common outcome was acoustic to electric pitch matches that were far lower than predicted by the Greenwood function. A similar outcome was obtained by James et al. (2001) . Boëx et al. (2006) tested six patients fit with Clarion implant systems who, most generally, had better hearing thresholds in the nonimplanted ear than the patients in Blamey et al. (1996) and James et al. (2001) . For example, patient H70 had a 0 dB HL threshold at 250 Hz and a 45-dB HL threshold at 4 kHz. Thus, the pitch matching data from this patient population were less compromised than the data from previous studies by hearing loss and associated, abnormal cochlear function in the nonimplanted ear. When frequencyplace maps were constructed using distance from the round window as a metric, then acoustic matches to electrical stimulation were lower than predicted by the Greenwood function by one to more than two octaves. When maps were constructed using insertion angle as the metric, most matches were approximately one octave lower than predicted by the Greenwood function. The common finding from all of the studies reviewed above was a pitch match that was lower than predicted by the Greenwood function for stimulation of hair cells.
We have conducted acoustic-to-electric pitch matching experiments with a patient (CH1) whose hearing in his nonimplanted ear improved significantly after surgery for a cochlear implant. At issue in this report is whether patient CH1_s pitch matches are similar to the pitch matches shown by patients tested previously, i.e., an octave or more lower than predicted by the Greenwood equation for stimulation of hair cells.
METHODS

Subject
The patient was a 57-year-old male who had a 13-year history of hearing loss. In 1993 he had a sudden, profound sensorineural hearing loss in his right ear. He was evaluated 10 years later because of decreased hearing in his left ear. Hearing levels were poorer than 90 dB HL in the right ear and between 40-75 dB HL in the left ear; the losses in both ears were sensorineural. Hearing was evaluated four times over a 15-month period; the right ear remained stable while the left ear fluctuated between a mild-to-moderate and moderateto-severe sensorineural hearing loss. Etiology for the left ear was a probable Meniere-like autoimmune disorder.
The right ear was implanted with a MedEl Combi 40+ cochlear implant in 2004. The surgeon reported a full insertion of the electrode array. At hookup the patient reported nonauditory stimulation with electrode 12. As a consequence the device was programmed with 11 active electrodes.
Fifteen months after device hookup, the patient entered a research study of amplification for the nonimplanted ear. The left ear was reevaluated and thresholds were found to be within the mild-to-moderate range. Pre-and postimplant audiograms for the nonimplanted ear are shown in Figure 1 hearing levels pre-and postimplant are consistent with a fluctuating hearing loss from a Meniere-like autoimmune disorder. CH1_s speech understanding scores obtained 18 months after device hookup are shown in Table 1 . The research described below was reviewed and approved by the Institutional Review Board at Arizona State University.
Radiographic evaluation
Boex et al. method. A summed voxel projection of highresolution CT scan data was used to create a radiograph-type image (see Fig. 2 ) from which electrode insertion angle was estimated in the manner described by Boëx et al. (2006) . 3D image volumes. High-resolution CT scans (100 mm voxels) of the patient_s temporal bones were taken and the scan data were used to build 3D image volumes of the implanted and nonimplanted ears. Normally, to build a 3D image volume of electrodes in the cochlea, patients are scanned before implantation to create an artifact free image of the cochlea and then a postimplant image with electrodes in place is registered to the pre-implant image. Because we had no pre-implant scans for CH1, the CT data from the nonimplanted ear were mirrored and used as the artifact free image of the cochlea. This procedure is generally acceptable for persons with normal cochlear anatomy. For CH1 the data sets from the left and right cochlea were registered to one another and matched on cochlear anatomy based on a 20-mm cubic region of the temporal bone with the cochlea at the center. This subvolume was resized to 50 mm voxels and the boundary between the fluid/tissue space of the cochlea and the bone of the otic capsule was marked to outline the cochlear canal. Using 3D rendering software (Analyze 7.0; Robb 2001) the 3D path of the electrode array through the cochlear canal and the location of the electrode contacts was visualized and measured (see Fig. 3 ). In addition, the positions of the round window, the outer wall of the cochlear canal, cochlear height, and the number of turns of the cochlea were measured with T100 mm precision and marked. As CT does not image the small nonbony structures of the cochlea, such as the basilar membrane, organ of Corti, and Reissner_s membrane, it is impossible to make a direct measure of the length of the cochlea. However, an estimate can be derived based on the 3D bony outline of the cochlea. Having a 3D volume of the patient_s cochlea, with the electrode array marked, also allows for predicting if the array is in scala tympani or scala vestibuli by comparing midmodiolar views with a 3D cochlear atlas generated from orthogonal-plane fluorescence optical sectioning microscopy (OPFOS) (Voie et al. 1993) . Unlike CT, OPFOS is capable of high-resolution imaging of the small tissue, as well as bony structures, of an excised cochlea.
Pitch-matching protocol
Acoustic-to-electric pitch matches were obtained for high-rate stimulation delivered to each of the 11 electrodes. Pitch-matching data were collected on two occasions, approximately three weeks apart, to assess the reliability of the pitch matches.
The following procedure was used to generate an unmodulated, high rate, pulse train at a single electrode. The same procedure was used with all 11 electrodes. First, a speech processor map (MAP) was created with only one electrode activated. The threshold and maximum comfortable loudness levels for that electrode were imported from the patient_s clinical MAP.
The center frequency of the input filter for the channel was set to 1 kHz using the clinical software (CI Studio). Then a 500-ms, 1-kHz pure tone was delivered to the auxiliary input of the signal processor. This procedure resulted in a 1,652-pps, unmodulated, pulse train at the electrode. The output was verified using a dummy resistance box (detector Combi 40+) and a Tektronix TDS 2014 digital oscilloscope.
Pitch matching of acoustic pure tones to electrical stimulation was accomplished using a method of limits procedure with three ascending and three descending runs. The Bpitch match^was the average of the termination points of the ascending and descending runs.
First loudness for both acoustic and electric signals was adjusted to a level of 5 (Bcomfortable^) on a 1-10 point scale. Then stimulation to the implanted ear (a 500-ms, 1-kHz tone resulting in a 1,652-pps pulse train) was followed by a 500-ms pure tone of variable frequency delivered to the nonimplanted ear via one channel of Sennheiser Linear II HD 250 stereo headphones. The interval between the tones delivered to the implant and to the headphone was 300 ms. The starting frequency for stimulation to a given electrode was determined by a process in which frequencies from 200 to 4,000 Hz were played to the nonimplanted ear and the patient was asked which of the stimuli was in the Bball park^for stimulation delivered to the implanted ear. Once the starting frequency had been determined, the step size for the method of limits was set to 1% of the starting frequency. To avoid errors of habituation and anticipation with this psychophysical method, the starting frequency for each run was varied over a 10-to 300-Hz range. Thus, the subject was not able to predict the number of trials before reaching a pitch match. The subject was given several practice runs Distance from the modiolus to the medial and lateral walls and to the electrode is referenced to a midmodiolar line. st = scala tympani, sv = scala vestibuli, l = lateral, c = center over a 30-min period before initial data collection commenced. The pure tone stimuli were generated in MATLAB and were controlled by custom software.
RESULTS
Electrode position
The insertion angle for each electrode is shown in Table 2 . This angle is a measure of the degrees rotation counter clockwise from the 0 degree reference line, as described by Boëx et al. (2006) , to the center of each electrode and provides a measure of the depth of insertion of the electrode array. Table 3 shows data derived from analyses of the 3D image volume data, i.e., the depth of insertion for individual electrodes, whether the electrodes were in the scala tympani or scala vestibuli, the position of the electrodes within the scala, i.e., medial, center, or lateral, and the distance from the midmodiolar axis to the (1) lateral wall of the cochlea, (2) to the electrode, and (3) to the medial wall of the cochlea. The Greenwood prediction for the frequency associated with each electrode location was calculated from the image volume data (see Table 4 ) using the following formula: CF = A(10 ax _ k) where A = 166.67, k = 0.88, x = distance from apex (mm), a ¼ log ðF þ kAÞ= ½ A=Ls, where F = 20,000 Hz and Ls = patient_s Basilar membrane length = 33.1 mm.
The main results of the 3D image volume analyses were that (1) only the two most basal electrodes were in the scala tympani, (2) all but two of the electrodes were lying laterally in the scala (as expected with the Med El electrode array), and (3) the location of electrode 12-1 mm from the round window-is consistent with nonauditory stimulation from that electrode.
Pitch matching
The pitch matching results are shown in Figure 4a and b. Figure 4a shows the data plotted as a function of distance of the electrode from the round window. The data from the two administrations of the pitchmatching test are very similar, suggesting a high level of test-retest reliability. From 20 to 15 mm insertion For electrodes 1-11: center frequency for each input filter, perceived pitch, and standard deviation of pitch estimates for high rate stimulation delivered to electrodes 1-11 (average of two test sessions), and Greenwood frequencyplace prediction of pitch depth pitch estimates are about one-half octave lower than the Greenwood prediction. From 13 to 3 mm insertion depth the pitch estimates are generally one octave lower than the Greenwood prediction. Within a test session there was variability in the pitch match for each electrode stimulated (see the standard deviations in Table 4 and Fig. 4a ). For example, for a signal with a pitch of approximately 1 kHz the standard deviation was 50 Hz. The mean standard deviation for a pitch match at 1 kHz for normal hearing listeners in our laboratory is 21 Hz. Figure 4b shows the pitch matching data, averaged over the two test sessions, as a function of insertion angle. The data indicate a flattening of pitch beyond about 450 degrees insertion angle.
DISCUSSION
As detailed in the introduction, it is very rare to find patients with a cochlear implant in one ear and good hearing sensitivity for a wide range of frequencies in the other ear. For that reason the pitch-matching data provided by CH1 are of interest. Previous studies with patients who presented, most generally, with poorer hearing thresholds than CH1_s, indicated that the pitch of high-rate electrical stimulation was lower than the pitch predicted by Greenwood_s frequencyposition function. CH1_s data are in agreement with these outcomes.
CH1_s pitch matching data are plotted along with the pitch-matching data from the patients studied by Boëx et al. (2006) in Figure 5 . For all but one of the patients (Fp36), pitch matches range within approximately 0.75 octave between approximately 180 and 450 degrees insertion angle. At some angles, i.e., approximately 225 and 310 degrees, the agreement in pitch match is extremely high. If an average pitch match as a function of insertion angle were obtained from Figure 5 , then those values could be used to set up signal processors (in terms of frequency to electrode maps) for conventional implant patients for whom CT data were available.
In the introduction we noted that if frequencies in the input signal were not output to the correct place in the electrically stimulated cochlea then signals would be misrepresented. Inspection of Table 4 suggests that low frequencies, between 200 and 300 Hz, have been upshifted and higher frequencies have, most generally, been downshifted. The magnitude of the downshift varied from 86 Hz at 581 Hz to 1,336 Hz at 4.7 kHz. On one hand, the misrepresentation of frequency is likely to be one part of an account of CH1_s modest vowel (61% correct) and consonant (56% correct) recognition scores. On the other hand, the CNC score (68% correct) is above average and the score in quiet for relatively difficult sentence material (97% correct) is near perfect. These outcomes reflect the ability of cortical processing to accommodate to an abnormal input and to use sentence context in the service of speech understanding.
The data provided by CH1 speak to the issue of whether an implant can be of benefit to an individual who is unilaterally deaf and who has only a mild-tomoderate hearing loss in the good ear. As shown in Table 1 , when scores were not at the ceiling for the nonimplanted ear, small improvements in performance were obtained when electric stimulation was added to acoustic stimulation. Moreover, the patient indicated that the implant was very valuable in everyday situations. The improvement in performance when electric and acoustic stimulation were combined is consistent with previous reports for patients with residual low-frequency hearing ipsilateral and/or contralateral to an ear with a cochlear implant (e.g., Ching et al. 2004; Gantz et al. 2005; Kiefer et al. 2005; Kong et al. 2005; v. Ilberg et al. 1999) . Given these outcomes, a clinical trial of the value of cochlear implants for the unilaterally deaf should be considered.
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